Generation of a robust immunological memory response is essential for protection on subsequent encounters with the same pathogen. The magnitude and quality of the memory CD8 T-cell population are shaped and influenced by the strength and duration of the initial antigenic stimulus as well as by inflammatory cytokines. Although chemokine receptors have been established to play a role in recruitment of effector CD8 T cells to sites of inflammation, their contribution to determination of T-cell fate and shaping of the long-lived memory T-cell population is not fully understood. Here, we investigated whether reduced access to antigen and inflammation through alterations in expression of inflammatory and homeostatic chemokine receptors has an impact on generation of effector and memory CD8 T cells. We found that in mice infected with lymphocytic choriomeningitis virus, colocalization of virus-specific CD8 T cells with antigen in spleen is dependent on expression of the inflammatory chemokine receptor, CXCR3. In addition, absence of CXCR3 expression on CD8 T cells leads to formation of fewer short-lived effector cells and more memory precursor cells. Furthermore, the memory CD8 T-cell population derived from CXCR3-deficient cells has fewer cells of the effector memory phenotype and exhibits a recall response of greater magnitude than that of WT cells. These data demonstrate that CD8 T-cell positioning relative to antigen and inflammatory cytokines in secondary lymphoid organs affects the balance of effector and memory T-cell formation and has both a quantitative and qualitative impact on the long-lived memory CD8 T-cell population.
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microenvironment | T-cell differentiation | trafficking I n response to an infection with an intracellular pathogen, antigenspecific CD8 T cells undergo rapid clonal expansion while differentiating into cytotoxic effector T cells that then control the infection through lysis of the infected cells and production of cytokines (1) . After the peak of the expansion, the majority of effector T cells undergo apoptosis, leaving behind a small fraction that give rise to long-lived, self-renewing memory CD8 T cells with a superior recall response to the same antigen. In the past decade, major advances have been made in our understanding of the lineage relationship between short-lived effector cells and the precursor cells that give rise to long-lived memory CD8 T cells. Elegant cell tracing studies have shown that an individual naive CD8 T cell can have multiple fates and give rise to both short-lived effector and long-lived memory cells (2) . The proportion of effector cells that gives rise to long-lived memory cells can be affected by several factors, including the strength and duration of antigenic stimulus as well as proinflammatory cytokines and other environmental factors. Progress in identification of terminal effector and memory precursor cells within the heterogeneous effector population at early times after infection, through their expression of such markers as KLRG-1 and IL-7Rα, has paved the way for elucidating how cell intrinsic and extrinsic factors, including positional cues, alter the balance between effector and memory T-cell generation (3, 4) . Naive CD8 T cells continuously circulate between blood and secondary lymphoid organs in search of their cognate antigen. They express high levels of CCR7, and thus localize within the T-zone areas of the spleen and lymph nodes, where the CCR7 ligands CCL19 and CCL21 are homeostatically expressed. On activation by both antigen and innate stimuli, such as type I interferons, CD8 T cells alter their expression of chemokine receptors (5) . Receptors, such as CCR7 and S1PR1, are downregulated, and inflammatory chemokine receptors, such as CXCR3, CXCR6, and CCR5, are up-regulated (6) (7) (8) (9) . These receptors then guide effector CD8 T cells toward activated dendritic cells to receive further "help" from CD4 T cells or recruit them to inflamed tissues to control the infection. One particular receptor, CXCR3, has been shown to be important in recruitment of effector CD8 T cells to allografts and sites of viral infection within the CNS and genital tract, where its ligands, CXCL9 and CXCL10, are induced by IFN-γ (10) (11) (12) (13) (14) (15) .
In addition to regulating the trafficking patterns of effector CD8 T cells, chemokine receptors have an impact on the interaction of these cells with their microenvironment. How chemokine receptors influence these interactions and affect CD8 T-cell differentiation is not completely understood. In this study, we examined the role of CXCR3 in differentiation of activated CD8 T cells in vivo in response to infection of the host with lymphocytic choriomeningitis virus (LCMV). We found that absence of CXCR3 on CD8 T cells leads to less colocalization of effector T cells with antigen within the spleen and affects the balance between generation of short-lived effector and memory precursor cells. More strikingly, absence of CXCR3 leads to generation of more long-lived memory CD8 T cells with a qualitatively better recall response.
Results

CXCR3 Is Gradually Up-Regulated on Antigen-Specific CD8 T Cells
During the Course of Infection. To determine whether chemokine receptors play a role in CD8 T-cell fate determination after activation, we analyzed expression of a number of these receptors on Ag-specific CD8 T cells following LCMV infection. One particular receptor, CXCR3, was up-regulated approximately 10-fold as early as day 3 postinfection on P14 T-cell receptor (TCR) transgenic (Tg) CD8 T cells specific for LCMV D b GP33-41 (Fig. 1A ).
CXCR3 expression reached peak levels by day 5 postinfection but was then partially down-regulated on a small fraction of the cells by day 8 postinfection (Fig. 1A) . Several recent studies have shown that within the heterogeneous effector CD8 T-cell population, level of expression of KLRG1 can distinguish those cells that are terminally differentiated and are destined to die (KLRG1 hi ) from those that give rise to long-lived memory cells (KLRG1 lo ) (3, 4) . Further analysis of KLRG1 hi and KLRG1 lo subsets of effector CD8 T cells showed that both populations expressed similar levels of CXCR3 at day 5 postinfection (Fig.  1B) . The KLRG1 hi terminally differentiated CD8 T cells had reduced levels of CXCR3 expression by day 8, however, whereas the KLRG1 lo memory precursor cells maintained uniform and stable high levels of CXCR3 expression (Fig. 1B) . Of the three known CXCR3 ligands, C57BL/6 mice express only two, CXCL9 and CXCL10 (16) (17) (18) (19) . As determined by quantitative RT-PCR, both ligands were up-regulated in spleens of mice on day 1 postinfection and were maintained at somewhat lower levels throughout the course of infection (Fig. 1C) . The continuous presence of CXCR3 ligands in the spleen suggested that lower expression of CXCR3 on KLRG1 hi cells may be attributable to ligand-induced receptor endocytosis, because this population may be localized differently within the spleen than the KLRG1 lo subset and may encounter different amounts of CXCR3 ligands (20) . To address this possibility, we evaluated CXCR3 mRNA expression by quantitative RT-PCR in sorted KLRG1 hi and KLRG1 lo CD8 effector populations at various times after in vivo activation. Consistent with cell surface CXCR3 expression, both populations had similar levels of CXCR3 mRNA at day 4 postinfection (Fig. 1D) . By day 8, however, the KLRG1 lo subset had approximately 5-fold higher CXCR3 mRNA expression than the KLRG1 hi T cells. Similarly, in a functional chemotaxis assay, we did not find any differences in migration of KLRG1 hi and KLRG1 lo CD8 T cells to CXCL9 on day 5 postinfection (Fig. 1E) . Consistent with CXCR3 expression data, however, by day 8 postinfection, KLRG1
hi cells had a somewhat lower chemotactic response to CXCL9 compared with KLRG1 lo cells (Fig. 1E) .
Absence of CXCR3 Expression on CD8 T Cells Leads to the Development of More Memory Precursor and Fewer Terminally Differentiated
Effector CD8 T Cells. CXCR3 and its ligands have been implicated as playing a role in the trafficking of effector CD8 T cells to specific organs in several microbial infections and allograft rejection (10, 11, 14, 15, (21) (22) (23) (24) . To determine whether CXCR3 also influences the generation of effector and memory CD8 T cells, we cotransferred WT and CXCR3-deficient P14 T cells expressing different CD45 congenic alleles into WT mice and followed their expansion and phenotype in response to infection with LCMV. In spleen, at the peak of the CD8 T-cell response, we consistently found a slightly higher proportion of WT P14 cells compared with those lacking CXCR3 ( Fig. 2A) . This was not attributable to a global alteration in CD8 T-cell trafficking, because similar differences were observed in blood ( Fig. 2A) Fig. 2A) . This shift in effector population subsets became evident at the peak of the response on day 8 and corresponded to a modest decrease in the number of CXCR3-deficient short-lived effector cells. In contrast, the number of CXCR3-deficient memory precursor cells was increased ( Fig. 2 A and C) . We did not observe any differences between WT and CXCR3-deficient cells at the peak of the response with respect to expression of several activation markers and the ability to make the effector cytokines IFN-γ and TNF-α (Fig. 2B ). These data suggest that expression of CXCR3 favors the development of short-lived effector CD8 T cells as opposed to memory precursor cells.
Restoration of CXCR3 Expression in CXCR3-Deficient CD8 T Cells Leads to Development of More Terminally Differentiated Effector Cells and Fewer Memory Precursor Cells. To determine further whether expression of CXCR3 can drive differentiation of activated CD8 T cells toward short-lived effector cells rather than long-term memory cells, we used a mouse stem cell virus (MSCV)-based retroviral vector to express mouse CXCR3 in CXCR3-deficient P14 cells. CXCR3-deficient T cells were activated in vivo and then transduced ex vivo with a construct containing mouse CXCR3 followed by IRES-Thy1.1, which allows one to distinguish between transduced and nontransduced cells within the same starting population (Fig. 3A) . Shortly after transduction, the cells were transferred into mice that were infected several hours earlier with LCMV, and the fate of the cells was then followed in vivo. Expression of CXCR3 on transduced cells was slightly lower than on WT nontransduced P14 cells (Fig. 3B) (Fig. 3C) . Similar to what was observed when we compared WT and CXCR3-deficient P14 cells (Fig. 2C) , the effect of CXCR3 expression on CD8 effector T-cell differentiation was evident only at the peak of the response and during the contraction phase but not at day 5 postinfection (Fig. 3D ). These data suggest that although CXCR3 is not a major determinant of CD8 T-cell activation and proliferation, its expression can affect the later stages of the CD8 response and have a negative impact on the generation of longlived memory T cells.
In addition to affecting CD8 T-cell fate, retroviral-mediated expression of CXCR3 affected expansion of effector CD8 T cells. At the peak of the response, we found a greater proportion of CXCR3-transduced cells to be Thy1.1 + compared with those transduced with the control empty vector, despite similar initial transduction efficiencies (Fig. 3C ). Because CXCR3 is expressed only on a small subset of naive P14 T cells (Fig. 1A) , these results suggested that early retroviral expression of CXCR3 might facilitate exposure of CD8 T cells to antigen and further drive their expansion. We relied on the observation that about 10-15% of naive P14 T cells express CXCR3 to test this hypothesis by cotransferring either sorted CXCR3 + or CXCR3 − WT P14 cells with CXCR3 KO cells and determining their expansion and differentiation (Fig. S1A ). When CXCR3 + WT P14 cells were cotransferred with CXCR3 KO cells, WT cells expanded four-to fivefold more in number. In contrast, when WT P14 cells that lacked CXCR3 expression were used, the WT cells expanded only two-to threefold more than CXCR3 KO cells (Fig. S1B ). Regardless of whether the starting WT population expressed CXCR3 or not at the time of transfer, within the effector population at the peak of the response, there were proportionately more terminally differentiated effector cells (KLRG-1 hi IL-7Rα lo ) and fewer memory precursor cells (KLRG-1 lo IL-7Rα hi ) than in the CXCR3 KO population (Fig. S1B ). These results suggest that the differences observed between WT and CXCR3-deficient P14 T cells are not attributable to expression of CXCR3 on a subpopulation of naive WT cells during the initial stages of activation.
Absence of CXCR3 Leads to More Rapid Phenotypic and Functional
Maturation of Memory CD8 T Cells. To examine further the impact of CXCR3 expression on CD8 T-cell memory development, we hi effector cell subsets in transduced (black bars) and nontransduced (white bars) CXCR3 KO P14 T cells in spleens of recipient mice were determined at the indicated times after infection. dpi, days postinfection. Data shown in A-D are representative of three independent experiments (n = 2-8 per group per day). The graphs show mean ± SEM. Statistics were done using a two-tailed unpaired Student's t test.
analyzed the phenotype and distribution of WT and CXCR3-deficient P14 TCR Tg T cells in various tissues within the same animal after day 40 and up to day 356 postimmunization. We consistently found approximately two-to fourfold more CXCR3-deficient memory CD8 T cells than WT cells within the same recipient in all the examined tissues (Fig. 4A) . At earlier times after immunization, compared with WT, a greater proportion of CXCR3-deficient P14 memory cells were KLRG1 lo IL-7Rα hi , consistent with a faster transition to a more mature memory population (25) (Fig. 4B) . Similarly, compared with WT memory cells, a smaller proportion of CXCR3-deficient cells had phenotypic characteristics of effector memory cells (CCR7 lo CD62L lo ) (26) (Fig. 4B ). These differences were observed in all the examined tissues, ruling out a contribution from differential trafficking patterns, and gradually diminished over time, suggesting that the CXCR3-deficient cells had acquired a more mature memory 77  110  132  187  365  40  77  110  132  187  365  40  77  110  132  187  365  40  77  110  132  187  365 phenotype more rapidly than WT cells (27) (Fig. 4C) (Fig. S2) . In contrast, effector memory cells, postulated to descend mostly from the KLRG1 hi population, express lower levels of CXCR3, consistent with expression on the KLRG1 hi population (4) (Fig. S2) .
In addition to cell surface phenotypic differences and consistent with a more mature functional memory phenotype, a greater proportion of CXCR3-deficient memory CD8 T cells were capable of producing IL-2 and were CD27 hi compared with WT cells (Fig. 4D) . To determine whether there were any additional functional differences between WT and CXCR3-deficient memory CD8 T cells, CD62L
hi P14 memory cells of each genotype were sorted and transferred either separately or together at a 1:1 ratio into groups of naive mice. Recipient mice were challenged with LCMV, and at the peak of the secondary response, we found that regardless of whether the two populations were transferred together or separately, there were about twofold more CXCR3-deficient CD8 T cells compared with WT cells (Fig. 4E ). Similar differences were observed in the secondary response of sorted CD62L lo memory populations, although consistent with other reports, the extent of proliferation was much lower than that of CD62L hi memory cells (27) . These results indicate that the CXCR3-deficient memory CD8 T cells have a higher proliferative response, and are thus functionally more mature than WT cells.
A major advantage of using a TCR Tg system is that the contribution of a specific molecule to T-cell function can be evaluated by comparing cells that are sufficient and deficient for that molecule within the same organism. To determine whether our observations were restricted to a TCR Tg system or were more widely applicable to CD8 T-cell biology, we generated mixed bone marrow chimeras by reconstituting lethally irradiated mice with a 1:1 mixture of WT and CXCR3-deficient bone marrow cells with CD45 congenic haplotypes distinct from each other and the recipient mice. As a control, a group of mice was reconstituted with a 1:1 mixture of WT bone marrow cells of differing CD45 congenic haplotypes as well. The ratio of CXCR3-deficient and CXCR3-sufficient CD8 T cells was determined before immunization with LCMV. At the peak of the effector response and during the memory phase, the frequency of CD8 T cells specific for the major epitopes of LCMV in each population was determined by tetramer staining. Similar to the results obtained with the Tg system, there were fewer CXCR3-deficient effector cells compared with WT cells at the peak of the response and relatively more CXCR3-deficient memory cells in the later stages (Fig. S3 A and C). Consistent differences were not observed between CD8 T cells derived from either WT donor bone marrow cells in control chimeras (Fig. S3 B and D) . These results suggest that the effect of CXCR3 on generation of effector and memory CD8 T cells is not restricted to the TCR Tg system. Effector CD8 T Cells Colocalize in the Spleen with Antigen and CXCL9 in a CXCR3-Dependent Manner. The role of CXCR3 in trafficking of effector CD8 T cells to inflamed organs, and especially the CNS, has been well established. Very little is known about the function of CXCR3 in localization of responding CD8 T cells within a lymphoid organ during the course of an immune response, however. We hypothesized that such differences in localization may contribute to effector CD8 T-cell fate determination. To address this question, WT and CXCR3-deficient naive P14 cells expressing distinct congenic alleles of CD45 and Thy1 were cotransferred in a 1:1 ratio into naive mice. At different times after infection with LCMV, localization of the responding cells, as well as viral antigen and CXCL9 (a CXCR3 ligand), was determined by immunofluorescent staining of spleen sections. Consistent with previous reports, we found the majority of LCMV antigen localized within the marginal zone of the spleen and diminished in amount by day 5 postinfection (28) (Fig. 5A ). In addition, CXCL9 was localized in the same area as viral antigen, and marginal zone macrophages sorted from LCMV-infected mice contained high levels of both viral RNA and mRNA for the CXCR3 ligands, CXCL9 and CXCL10 (Fig. 5 A and B) . Even though viral antigen was less readily visualized by day 5 postinfection, CXCL9 could still be detected in sections. Within the same spleen, WT P14 T cells colocalized with CXCL9 and viral antigen in the marginal zone area, whereas CXCR3-deficient P14 T cells were mostly found within the T-zone area and were less readily found associated with CXCL9 and viral antigen (Fig. 5 A and C and Fig. S4 ). These results show that CXCR3 can affect localization of effector CD8 T cells within secondary lymphoid organs and provide more or prolonged access to antigen.
CXCR3-Deficient CD8 T Cells Show Reduced Proliferation During the
Later Stages of Infection. We have found that activated CXCR3-deficient CD8 T cells do not colocalize as effectively as WT cells with antigen in vivo and produce fewer terminally differentiated effector cells and more central memory cells. To delineate more specifically the stage at which CXCR3 affects CD8 T-cell responses, we examined activation, proliferation, and survival of WT and CXCR3-deficient P14 T cells in vivo at various times after infection. CXCR3 expression was not required for early events of activation and proliferation, because there were no differences between WT and KO cells in up-regulation of CD25 on day 1 postinfection and in 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution by day 2.5 postinfection (Fig. 6 A  and B) . These results were not entirely unexpected, because CXCR3 was not highly expressed on CD8 T cells during early stages of activation ( Fig. 1 A and D) . Because the earliest effects of CXCR3 were observed between days 5 and 8 postinfection, we examined the survival and proliferation of activated CD8 T cells during this period. We did not observe any differences in the frequency of dying WT and KO cells, as measured by annexin V staining (Fig. 6C) . Similarly, there was no effect of CXCR3 expression on the proportion of CD8 T cells that incorporated BrdU on day 5 postinfection. On days 6 and 7 postinfection, however, approximately half as many CXCR3-deficient CD8 T cells incorporated BrdU relative to WT cells (Fig. 6D) . Further phenotypic characterization of CD8 T cells based on expression of KLRG1 and IL-7Rα showed that the greatest difference between WT and KO cells in BrdU incorporation was in the KLRG1 lo IL-7Rα lo population (Fig. 6E ). This population has been shown to give rise mostly to long-lived memory CD8 T cells but also to retain the potential to become terminally differentiated effector cells (3, 4) . Because the KLRG1 lo IL-7Rα lo CD8 T cells also express CXCR3, our data suggest that further exposure to antigen and inflammatory stimuli driven by this chemokine receptor may affect the balance between generation of terminally differentiated effector cells and long-lived memory cells as well as the quality of the latter population. The effect of CXCR3 on the production of terminal effectors and memory precursors occurs toward the end of the CD8 T-cell response and is consistent with the fate commitment with progressive differentiation model (29, 30) .
Persistent CCR7 Expression Tips the Balance Toward the Development of More Memory Precursors Than Terminally Differentiated Effector
CD8 T Cells. Our results suggest that inflammatory chemokine receptors, such as CXCR3, can affect differentiation of activated CD8 T cells by promoting encounters with antigen and inflammatory cues. These encounters may also be facilitated by down-regulation of homeostatic chemokine receptors, such as CCR7, that usually maintain T cells in the T-zone areas. Expression of CCR7 in antigen-specific CD8 T cells declined at both mRNA and protein levels early after in vivo activation (Fig. S5) . The extent of down-regulation was higher in KLRG1 hi cells compared with KLRG1 lo cells, however, and the latter regained partial surface expression of CCR7 by day 8 postinfection (Fig. S5B) . These results are consistent with reported observations demonstrating that KLRG1 lo cells display a greater chemotactic response to the CCR7 ligand CCL19 and are localized within the T-zone areas of the spleen at day 8 postinfection (20) . A previous study has shown that persistent Tg expression of CCR7 in P14 cells leads to sequestration of effector CD8 T cells within the splenic T zone (31) . To determine whether this altered localization affects the differentiation of antigen-experienced CD8 T cells, we generated P14 TCR Tg mice that were also Tg for mouse CCR7 driven by a mouse CD4 promoter lacking the intronic transcriptional silencer, thus remaining active in both CD4 and CD8 T cells (32) . In contrast to WT cells, CCR7 Tg P14 CD8 cells maintained cell surface expression of CCR7 after in vivo activation (Fig. 7A) . Furthermore, fewer CCR7 Tg cells were found in blood compared with WT, indicating that altered CCR7 expression led to sequestration within lymphoid tissues (Fig. 7B ). More strikingly, in both blood and spleen, a greater proportion of CCR7 Tg P14 cells were KLRG1 lo IL-7Rα hi compared with WT cells (Fig. 7 C and D) , suggesting that the former had less exposure to signals that drive terminal effector differentiation, such as antigen and inflammation. Indeed, at day 4 postinfection, we found WT P14 T cells localizing with viral antigen in the spleen, whereas CCR7 Tg P14 T cells were found mostly in the T-zone areas and away from viral antigen (Fig. 7E) . These results suggest that in addition to the expression of inflammatory chemokine receptors, down-regulation of chemokine receptors that homeostatically position T cells within the T-zone areas of the spleen contributes to their exposure to antigen and inflammatory signals and has an impact on their fate determination.
Discussion
A number of studies have established that the magnitude and quality of CD8 T-cell effector and memory responses are influenced by T-cell precursor frequencies as well as by the extent and duration of antigen and inflammation (33) (34) (35) (36) . In this study, we demonstrated that chemokine receptors also affect CD8 T-cell differentiation in response to an infection and influence the quality and quantity of long-lived memory CD8 T cells. Absence of an inflammatory chemokine receptor, CXCR3, on CD8 T cells led to fewer short-lived effector cells and more memory precursor cells at the peak of the response. The long-lived memory CD8 T cells derived from this population had fewer cells with phenotypic characteristics of effector memory cells and displayed a more robust recall response than WT cells. Similarly, constitutive expression of a homeostatic chemokine receptor, CCR7, normally down-regulated on T-cell activation, led to development of more memory precursor cells. We found that in the absence of CXCR3, effector CD8 T cells were more localized in the T-cell zone than with viral antigen present in the marginal zone areas of the spleen. Similarly, persistent expression of CCR7, a homeostatic chemokine receptor that is usually down-regulated on T-cell activation, led to sequestration of effector CD8 T cells within the T-zone areas and away from antigen and skewed the CD8 T-cell response toward more memory precursor cells. Because both of these changes in chemokine receptor expression affected localization of effector CD8 T cells, the observed effects on CD8 T-cell fate are most likely attributable to alterations in the access and exposure of these cells to antigen and inflammatory stimuli.
Differential localization of effector and memory CD8 T cells within secondary lymphoid tissues has been well described. A number of studies using various infection models and approaches have found effector CD8 T cells mostly localized in the red pulp of the spleen, with a small fraction residing in the T-cell zone at the peak of the response (7, 20, 37, 38) . In contrast, memory CD8 T cells were found primarily in the T-cell areas of the spleen. A recent study showed that this differential localization of effector and memory CD8 T cells could be dictated by transcription factors that regulate CD8 T-cell fate. Localization of terminally differentiated KLRG1 hi IL-7Rα lo effector CD8 T cells in the red pulp was dependent on expression of T-bet and Blimp-1 (20) . In the absence of either of these transcription factors, CD8 T cells were located predominantly in the T-cell zone of the spleen and had phenotypic characteristics of long-lived memory CD8 T cells (KLRG1 lo IL-7Rα hi ). As part of regulating distinct transcriptional programming of terminal effector and memory precursor CD8 T cells, T-bet and Blimp-1 may also regulate differential expression of various chemokine receptors, leading to altered localization of these cells within the spleen (20, 39) . The molecular nature of the cues that guide effector CD8 T cells out of the T-cell zone is not well understood, however. Although CXCR3 is up-regulated on activated CD8 T cells, we found that up to day 5 postimmunization, it was not differentially expressed in terminal effector and memory precursor CD8 T cells. Furthermore, up to this time after infection, CXCR3 expression did not have an impact on the proportion of effector CD8 T cells that were KLRG1
hi , suggesting that this chemokine receptor is not a major determinant of CD8 T-cell fate. Absence of CXCR3 expression on CD8 effector T cells had three effects: (i) fewer cells became KLRG1 hi terminal effectors between days 5 and 8 postinfection, (ii) a smaller proportion of memory CD8 T cells had an effector memory phenotype, and (iii) both the quality and quantity of long-lived memory CD8 T cells were increased. Because the KLRG1 hi effector cells gradually down-regulated CXCR3 expression between days 5 and 8 postinfection through an unknown mechanism, it is most likely that these observed phenotypes are attributable to the presence of CXCR3 on the KLRG1 lo IL-7Rα lo CD8 T-cell population. Several studies have shown that the majority of cells in this population are destined to become long-term memory cells of both central and effector phenotypes (3, 4) . Consistent with the fate commitment with progressive differentiation model, however, these cells retain the potential to become terminally differentiated effector cells as well when given the appropriate signals (3). These results suggest that expression of CXCR3, particularly when the amount of antigen has diminished during the later stages of infection (between days 5 and 8), may facilitate encounter of the KLRG1 lo IL-7Rα lo CD8 T cells with antigen and/or inflammatory signals that further drive their proliferation and differentiation into KLRG1 hi IL-7Rα lo effector cells and away from becoming long-lived memory cells. Repeated exposure of memory precursor cells to antigen or inflammation is known to diminish the quality of the memory CD8 T cells that are generated (40) . Therefore, it is likely that CXCR3 facilitates exposure of the KLRG1 lo IL-7Rα lo CD8 T cells to antigen and inflammation, thus having a negative impact on the quality and phenotype of the memory CD8 T cells that are generated. Because IL-7 is mostly expressed in the T-zone areas of the spleen, it is also possible that the altered localization of CD8 T cells within these areas in the absence of CXCR3 or through constitutive expression of CCR7 may lead to better survival and eventual formation of long-lived memory cells. The fact that expression of IL-7R itself is not sufficient to drive differentiation of CD8 T cells toward memory argues against this possibility, however (41) . Therefore, expression of an inflammatory chemokine receptor can tip the balance toward more terminal effector cells as well as having an impact on the quality of the memory CD8 T cells that are generated (Fig. S6) .
Several recent studies on the role of the mTOR pathway in CD8 effector T cells have highlighted an important role for a metabolic switch in transitioning from memory precursor to mature longlived CD8 T cells (25, 42, 43) . Treatment of mice with rapamycin, an inhibitor of mTOR, during the course of infection with LCMV led to a phenotype very similar to that of CXCR3-deficient CD8 T cells: generation of fewer short-lived effector CD8 T cells and more memory precursor cells as well as an increase in both the quantity and quality of long-lived memory cells. In T cells, mTOR is activated by various cytokines as well as engagement of TCR by antigen, resulting in a switch from catabolic metabolism to anabolic metabolism (44, 45) . Generation of long-lived memory T cells requires a reversal of this metabolic switch to the homeostatic catabolic state. Inhibition of mTOR presumably accelerates this return to the baseline metabolic state, resulting in a more robust, long-lived, memory T-cell population. Because CXCR3 deficiency phenocopies mTOR inhibition, it is possible that expression of CXCR3 leads to more encounters with antigen and inflammatory stimuli, resulting in further activation of mTOR in effector CD8 T cells. Further studies are necessary to determine if there were any links between expression of inflammatory chemokine receptors and the metabolic state of effector CD8 T cells.
Several proinflammatory cytokines have been shown to act as "signal 3" and affect CD8 T-cell responses to various infections (46) . In particular, absence of IFN-γ leads to a reduction in expansion of CD8 T cells in response to an LCMV infection (47) . Most of this effect is attributable to direct action of IFN-γ on CD8 T cells (48) . Nevertheless, because IFN-γ is an inducer of CXCR3 ligands, in light of our findings, some of the effects of this cytokine could be mediated indirectly through recruitment of effector CD8 T cells to antigen, leading to further expansion or decreased potential to form memory T cells. Furthermore, because production of CXCR3 ligands is most likely secondary to local production of IFN-γ by other activated T cells, recruitment of CXCR3-expressing effector CD8 T cells to these sites will also expose them directly to more IFN-γ. Thus, the IFN-γ and CXCR3 ligands together may provide a positive feedback loop for further exposure of effector CD8 T cells to antigen and inflammation. Although we focused on localization of T cells within the spleen in this study, it is also possible that in other infected tissues, IFN-γ and CXCR3 may play a similar role in exposure of effector CD8 T cells to antigen and proinflammatory cytokines.
Our study did not find a major role for CXCR3 in early recruitment, activation, and expansion of CD8 T cells, which is consistent with lack of expression of this receptor on the majority of naive CD8 T cells. CXCR3 expression on a minor population of naive P14 cells gave these cells a slight proliferative advantage, however. In addition, retroviral-mediated forced expression of CXCR3 at an early time in T-cell activation led to an increase in the magnitude of the CD8 T-cell response. Because CXCR3 is constitutively expressed at high levels on memory CD8 T cells and its ligands are also expressed shortly after infection, we expected that WT memory CD8 T cells would have an advantage over CXCR3-deficient memory cells in a secondary recall response. Surprisingly, we found that CXCR3 KO memory CD8 T cells had a larger secondary response than WT cells, suggesting that absence of CXCR3 led to development of qualitatively superior memory CD8 T cells (Fig. S6) . In addition, these results indicate that CXCR3 is not necessary for a recall response to LCMV infection. This could be attributable to redundancy in expression of inflammatory chemokine receptors, such as CXCR6, which may facilitate encounter of memory CD8 T cells with antigenpresenting cells. These results also do not completely rule out a role for CXCR3 in a secondary response, because whatever competitive advantage expression of CXCR3 might have offered was overshadowed by qualitative differences between WT and CXCR3 KO memory CD8 T cells.
During the acute phase of infection, although CXCR3-deficient effector cells did not localize to antigen in the marginal zone areas of the spleen, they were readily found in blood and other tissues, indicating that this receptor was not necessary for either egress from lymphoid tissues or recruitment to other sites of infection. One study has implicated a role for another inflammatory chemokine receptor, CCR5, in guiding CD8 effector T cells to sites of antigen-specific dendritic cell-CD4 T-cell interactions to receive necessary help to form a functional memory population (49) . Because CXCR3-deficient memory CD8 T cells demonstrated a robust response to a secondary challenge, expression of this receptor on CD8 effector T cells is not necessary to receive CD4 T-cell help. These results suggest that each inflammatory chemokine receptor may play a unique role in the development and function of CD8 T cells. Further investigation is necessary to address whether these differences can be generalized to other infections or immunization protocols and to determine the role of other inflammatory chemokine receptors, such as CXCR6, that are up-regulated on activated CD8 T cells (50) .
In this study, we showed that alterations in chemokine receptor expression can alter distribution of effector CD8 T cells within lymphoid tissues and have an impact on their differentiation and generation of memory CD8 T cells. Further studies on the role of various chemokine receptors and other guidance cues will advance our understanding of the interplay between these signals, localization within tissue microenvironments, and shaping of the effector and memory T-cell responses. In addition, it will be interesting to determine the role of chemokine receptors in repeated exposure of CD8 T cells to antigen in a chronic viral infection and their impact on T-cell exhaustion. Our findings suggest that targeting chemokine receptors, such as CXCR3, as part of vaccination protocols for protection against infections or cancer, may provide an approach to generate a more robust memory CD8 T-cell response.
Materials and Methods
Mice. C57BL/6 (CD45.2), B6.BoyJ (CD45.1), and Thy1.1 mice were purchased from the Jackson Laboratory or the National Cancer Institute. CD45.1/CD45.2 P14 and Thy1.1 P14 mice bearing the D b GP33-specific TCR were maintained in our animal colony. Cxcr3 −/− mice were a generous gift from C. Gerard (Children's Hospital, Harvard Medical School, Boston, MA). CCR7 Tg mice were a generous gift from N. Killeen (University of California, San Francisco, CA). All animals were housed in the specific pathogen-free facility at the University of California, San Francisco, and were treated according to protocols approved by university animal care ethics and veterinary committees in accordance with guidelines of the US National Institutes of Health.
Infection, Adoptive Transfer, and Bone Marrow Chimeras. LCMV Armstrong was propagated on BHK cells and titered on Veros cells as described (27) . Unless indicated below, P14 chimeric mice were generated by adoptive transfer of 2 × 10 4 WT and 2 × 10 4 CXCR3 KO or 2 × 10 4 WT and 2 × 10 4 CCR7 Tg P14 T cells into C57BL/6 recipients that were infected i.p. 1-3 d later with 2 × 10 5 PFU LCMV Armstrong. A total of 2 × 10 5 P14 T cells were adoptively transferred for the sorting of KLRG hi and KLRG1 lo cells and for the retroviral transductions; 2 × 10 5 to 1 × 10 6 P14 T cells were adoptively transferred for localization experiments; and 1 × 10 6 P14 cells were transferred for CFSE dilution assays. Mice were infected i.v. with 2 × 10 6 PFU LCMV for secondary infections, and they were infected i.p. with 2 × 10 6 PFU LCMV for immunofluorescence. To generate mixed bone marrow chimeras, 6-to 8-wk-old C57BL/6 mice were lethally irradiated by γ-irradiation from a Cesium source. Bone marrow cells from WT and Cxcr3 −/− mice were mixed in a 1:1 ratio and used to reconstitute the irradiated mice. The mice were maintained on antibiotics for 6 wk during reconstitution and then bled to determine the proportion of CD8 T cells derived from each donor. Mice were infected i.p. with 2 × 10 5 PFU LCMV Armstrong, and LCMV-specific CD8 T cells were analyzed after infection.
Isolation of Lymphocytes from Nonlymphoid Organs. Mice were perfused with PBS before removal, mincing, and passage of liver and lung through a 70-μm filter mesh. Lymphocytes were enriched from the homogenates at the interface of a 40-60% discontinuous Percoll (GE Healthcare Bio-Sciences AB) gradient.
Cell Sorting. 8w?>Marginal zone macrophages and marginal metallophilic macrophages were sorted from uninfected and LCMV-infected spleens at day 1 postinfection. Macrophages were enriched by negative selection using a biotinylated antibody mixture (CD4, CD19, and Thy1.2), streptavidin microbeads, and an autoMACS instrument (Miltenyi Biotec). Enriched cells were sorted using antibodies to CD11b, CD169, CD209b, and DAPI on a FACSAria (BD Biosciences). For some experiments, naive, effector, or memory P14 T cells were enriched by negative selection using a biotinylated antibody mixture (CD4, CD19, and I-A b ), streptavidin microbeads, and an autoMACS instrument. Enriched cells were stained with antibodies to CD8 and CXCR3 to sort for naive cells; antibodies to CD8, CD45.1, and KLRG1 to sort for effector cells; or antibodies to CD8, CD45.1, CD90.1, and CD62L to sort for memory cells. The purity of FACS-sorted T cells was ∼99%, and the purity of enriched T cells isolated by AutoMACS was ∼90%.
